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Abstract
Background—Defibrillation therapy for atrial fibrillation (AF) and flutter (AFl) is limited by
pain induced by high-energy shocks. Thus, lowering the defibrillation energy for AFl/AF is
desirable.

Objective—In this study we apply low voltage multiple shock defibrillation therapy in a rabbit
model of atrial tachyarrhythmias comparing its efficacy to single shocks and antitachycardia
pacing (ATP).

Methods—Optical mapping was performed in Langendorff-perfused rabbit hearts (n=18).
Acetylcholine (7±5–17±16 μM) was administered to promote sustained AFl and AF, respectively.
Single and multiple monophasic shocks were applied within 1 or 2 cycle lengths (CLs) of the
arrhythmia.

Results—We observed AFl (CL=83±15 ms, n=17) and AF (CL=50±8 ms, n=11). ATP had a
success rate of 66.7% in the case of AFl, but no success with AF (n=9). Low voltage multiple
shocks had 100% success for both arrhythmias. Multiple low voltage shocks terminated AFl at
0.86±0.73 V/cm (within 1 CL) and 0.28±0.13 V/cm (within 2 CLs), as compared to single shocks
at 2.12±1.31 V/cm (p<0.001) and AF at 3.46±3 V/cm (within 1 CL), as compared to single shocks
at 6.83±3.12 V/cm (p=0.06). No ventricular arrhythmias were induced. Optical mapping revealed
that termination of AFl was achieved by a properly timed, local shock-induced wave which
collides with the arrhythmia wavefront, whereas AF required the majority of atrial tissue to be
excited and reset for termination.

Conclusion—Low voltage multiple shock therapy terminates AFl and AF with different
mechanisms and thresholds based on spatiotemporal characteristics of the arrhythmias.
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Introduction
Atrial fibrillation (AF) is the most prevalent cardiac arrhythmia in the world, affecting over
2.2 million people in the United States. A recent population study estimates that by the year
2050, over 12 million Americans may be affected.1 Complications of AF include
thromboembolic stroke, congestive heart failure, and increased mortality.2, 3 In addition, AF
leads to more hospitalizations than any other arrhythmia.4 Treatment strategies are designed
to reduce the frequency and duration of arrhythmia episodes, as it is known that AF begets
AF.5

AF management strategies include antitachycardia pacing (ATP) and cardioversion. ATP
delivers a train of stimuli coordinated with the arrhythmia cycle length (CL) that attempts to
disrupt the circuit(s) maintaining AF or AFl, however its success rates are around, or less
than, 60%.6 External cardioversion boasts success rates of up to 97%,7 but requires high
shock energies and sedation of the patient. On the other hand, the use of intracardiac shocks,
by the implantable atrial defibrillator (IAD),8 requires less energy and patient sedation.9

Although initial clinical trials have shown that the IAD has a high specificity and sensitivity
to AF and delivers safe and effective shocks,10 it has not gained widespread acceptance
because the energy for successful endocardial cardioversion still exceeds the pain threshold.
11 Thus, lowering the defibrillation energy is highly desirable.

In a recent study, we applied a method for low voltage termination of ventricular tachycardia
in a rabbit whole heart model and found a significant reduction in the defibrillation
threshold.12 In this study, we aim to apply this therapy to a rabbit model of AFl and AF.
However, important distinctions between AFl and AF must be considered.13 AFl is defined
by a macro-reentrant circuit, which can rotate around an anatomic or functional, line of
block. Major anatomical structures, including the region between the vena cavae and the
pulmonary veins, are usually involved in defining reentry.14 AF, on the other hand, involves
multiple reentrant circuits defined primarily by local excitability and refractory periods. In
this study, we hypothesize that low voltage multiple shock therapy will terminate
anatomically-defined AFl with higher efficacy than functionally-defined AF, due to its
ability to efficiently penetrate the longer excitable gap associated with AFl and,
consequently, upin reentry.

Methods
Experimental Preparation

The experimental protocol was approved by the Institutional Animal Care and Use
Committee of Washington University. Experiments were performed in vitro on hearts
obtained from New Zealand white rabbits (n=18) of both sexes. The isolation procedure has
been described previously.15 The whole heart was placed posterior side up in a temperature-
controlled bath (Radnoti, Monrovia, CA) at 37°C and Langendorff-perfused under constant
pressure (60 mmHg) with oxygenated Tyrode’s solution. The excitation-contraction
uncoupler blebbistatin15 (10 μM, Tocris Biosciences, Ellisville, MO) and the voltage-
sensitive dye, di-4-ANEPPS (10 μM, Molecular Probes, Eugene, OR) were added to the
perfusate.

Optical Mapping and Defibrillation Setup
During a 20–30 minute equilibration period, bipolar electrodes, which could be switched
between pacing and sensing, were placed on the left atrial appendage (LAA), right atrial
appendage (RAA), and right atrial (RA) free wall. Shocks were applied from two stainless
steel mesh electrodes placed 10 cm apart connected to the pulse generator as previously
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described.16 Optical mapping was performed with a 100x100 pixel MiCAM Ultima-L
CMOS camera (SciMedia USA).

Experimental Protocol
After optimization of the optical signals, the intrinsic activity of each preparation was
recorded. Pacing thresholds and effective refractory periods (ERP) from all locations were
determined. Far field stimulation thresholds as a result of shocks were also determined for
both polarities (n=7).

Programmed stimulation was applied to initiate an arrhythmia by a Master-8 programmable
stimulator (A.M.P.I, Jerusalem) and a custom-written stimulation interface. Programmed
stimulation consisted of either an S1–S2 protocol or burst pacing. If arrhythmia initiation
was unsuccessful, incremental concentrations of acetylcholine chloride (ACh, 1–100 μM,
Sigma-Aldrich, St. Louis, MO) were added until a sustained arrhythmia was induced.17 A
sustained arrhythmia was defined as lasting at least 2–3 minutes, although if not terminated,
the arrhythmias would persist on the order of an hour. Single or multiple (3–8) 5–10 ms
monophasic shocks were applied equally spaced out within either one or two CLs of the
arrhythmia (n=18), after the average CL of each arrhythmia episode was calculated. In
addition, we also applied ATP consisting of 8 pulses at 50–100% of the arrhythmia CL from
either the RAA or lower RA (n=9). If the arrhythmia was terminated by either the shock or
ATP, a new arrhythmia was immediately reinitiated as described above. Success was
defined as termination of the arrhythmia within three seconds of therapy application.

Data Analysis
A custom-designed Matlab-based computer program, described previously,14 was used to
analyze experimental data offline. Activation maps were constructed from activation times
calculated from the dV/dtmax of each pixel. Quantitative data are expressed as mean
±standard deviation. The Student’s T Test was used to determine statistical significance
(p<0.05).

Results
Initiation of Arrhythmias

Figure 1a shows an optical mapping field of view encompassing the posterior side of the
atria, including both the RAA and LAA. Figure 1b shows an example activation map while
pacing the RAA (CL=300 ms), with the corresponding OAPs shown in Figure 1c. Upon
addition of an ACh concentration needed for the induction of a sustained arrhythmia, the
atrial ERP was reduced from 67±11 ms to 40±8 ms (p<0.001) (Figure 1d). Figure 1e
illustrates the significant shortening of the action potential duration, establishing the
functional substrate necessary for inducing and maintaining AFl/AF.

Upon addition of 7±5 μM ACh, we induced AFl maintained by a single macroreentrant
circuit (CL=83±15 ms, n=17) rotating around the anatomic zone of conduction block
between the superior and inferior vena cava (Figure 2a, Online Movie 1). Figure 2b and
Online Movie 2 show that AF was maintained by multiple reentry circuits (CL=50±8 ms,
n=11) with an average ACh concentration of 17±16 μM. Dominant frequency analysis
reflected the major rotors maintaining each arrhythmia as illustrated in Figures 2c and 2d. In
only one heart out of 18 were we unable to induce any sustained arrhythmias even with the
addition of 500 μM ACh. Additionally, in three preparations we were able to initiate AFl
before the addition of ACh, although the arrhythmias were sustained enough in only two
preparations in which we performed limited defibrillation testing.
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Application of ATP
ATP was applied in nine hearts from an electrode placed on either the RAA or lower RA,
similar to clinical RA pacing leads. We applied 107 rounds of ATP from both locations
consisting of 8 pulses at 50–100% of the arrhythmia CL (Figure 3). Figure 3b shows that
22.4% of ATP applications to AFl were successful in terminating the arrhythmia. However,
70.1% of applications had no effect on the arrhythmia and 7.5% of applications converted
AFl to AF. Therapy applied at 80% of the arrhythmia CL had the highest likelihood of
success (13/34 applications resulted in termination, p=0.0006), whereas ATP at 90% of the
arrhythmia CL resulted in the highest incidence of failed termination (38/41 applications had
no effect, p=0.0008). As shown in Figure 3c, ATP was most successful in arrhythmias with
longer average CLs (80–85ms and 95–100ms). Overall, ATP successfully terminated
arrhythmias in 6 out of 9 preparations (66.7%). Furthermore, the outcome of ATP was not
dependent on electrode location and, as expected, ATP did not terminate any episodes of
AF.

Far Field Excitation Threshold
Prior to arrhythmia induction, we applied single shocks to determine the atrial far field
excitation threshold (n=7). Figures 4a and 4b show that shocks of opposite polarities
resulted in identical atrial activation patterns. Four out of seven preparations, such as that
illustrated, demonstrated activation patterns originating from the RAA, however, in two
preparations the earliest activation began from the LAA, and in one preparation activity
originated from the lower RA. We observed no difference in the atrial far field excitation
threshold when comparing opposite polarity shocks (0.097±0.06 V/cm for both) (Figure 4c).
Lower voltage shocks (i.e. 0.05 V/cm) resulted in physiological activation of the ventricles
via the AV node and conduction system, whereas higher voltage shocks (i.e. 5 V/cm)
resulted in simultaneous activation of both the atria and ventricles (Figures 4d and 4e). The
ventricular far field excitation threshold was 0.43±0.13 V/cm.

In the preparation illustrated in both Figures 2 and 4, the location of earliest activation
(RAA, Figures 4a and 4b) corresponded with the location of the dominant rotor maintaining
AF (RAA, Figure 2d). This, however, was not representative of all experiments. The
dominant rotor corresponded to the site of earliest activation via far field shocks in only 50%
of the preparations in which both the threshold was measured and AF was induced.

AFl Termination by Low Voltage Multiple Shock Therapy
The efficacy of low voltage multiple shock therapy was tested during AFl and AF, and then
compared to both ATP and the application of single, phase-independent shocks. In the case
of AFl, we applied a total of 405 trials of low voltage multiple shock therapy: 302 trials
were delivered within 1 CL of the arrhythmia and 103 trials were delivered within 2 CLs.
Figure 5a shows that the defibrillation threshold was significantly decreased during the trials
in which we applied multiple shocks within 1 CL (0.86±0.73 V/cm) and 2 CLs (0.28±0.13
V/cm), as compared to single shocks (2.12±1.31 V/cm). Despite the significantly decreased
defibrillation threshold for multiple shocks delivered over 2 CLs, this therapy resulted in an
increased rate of conversion of AFl to sustained AF when compared to multiple shocks
delivered over 1 CL (16.5% versus 14.2%, p=0.3). Single shocks resulted in AF in 6.4% of
therapy applications. Additionally, 54.3% of terminations in the case of multiple shocks
delivered over 2 CLs were preceded by a short run of AF. Overall, immediate termination of
AFl occurred in 63% of cases, whereas 37% of terminations were preceded by a 1.46±0.8 s
run of AF. For multiple shocks delivered within 1 CL, 4 shocks resulted in the lowest
defibrillation threshold (0.41±0.22 V/cm), as compared to 3 (0.53±0.41 V/cm) and 5
(1.26±0.82 V/cm) shocks (Figure 5b). Defibrillation of AFl was successful by multiple
shocks in 100% of the preparations in which the arrhythmia was induced.
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AF Termination by Low Voltage Multiple Shock Therapy
In the case of AF, we applied a total of 233 trials of low voltage multiple shock therapy
delivered within one CL of the arrhythmia. Once again, defibrillation of AF by multiple
shocks was successful in 100% of preparations and the defibrillation threshold was
decreased (p=0.06) during the trials in which we applied multiple shocks within one CL
(3.46±3 V/cm), as compared to the application of single shocks (6.18±3.12 V/cm) as shown
in Figure 5a. For multiple shocks delivered within 1 CL, 4 shocks again resulted in the
lowest defibrillation threshold (1.97±1.25 V/cm), as compared to 3 (4.38±2.92 V/cm) and 5
(4.97±2.08 V/cm) shocks in this arrhythmia model (Figure 5c).

Figure 6 shows the average CLs of AFl and AF, which were successfully defibrillated
during the course of the study, as a function of defibrillation threshold. There is a trend that
AFl with longer CLs, require lower shock strengths for defibrillation, however the trend for
defibrillation of AF is not as clear.

Mechanisms of Termination
Optical data obtained during the application of multiple shocks to AFl and AF revealed that
the mechanism of termination relies on the recruitment of a sufficient number of secondary
sources of excitation, resulting from virtual electrodes, to effectively terminate all reentrant
circuits involved in the arrhythmia. Due to the fact that the maintenance of AFl and AF
require different numbers of reentrant circuits, the energy needed to create a sufficient
amount of secondary sources varies between the arrhythmias. In addition to the field
strength of the shock, the timing of the shock is also important.18

The termination of AFl was achieved through unpinning of the arrhythmia wavefront by a
properly timed shock with excitation arising from the location of earliest activation
corresponding to the region of highest anatomical heterogeneity.19 In the example of
successful termination shown in Figure 7a and 7b and Online Movie 3, the train of multiple
shocks was delivered approximately 7 ms earlier than the unsuccessful shock (Figure 7c and
7d, Online Movie 4) in relation to the rotating arrhythmia wavefront.

The termination of AF was achieved by higher strength shocks able to excite and,
consequently, recruit enough secondary sources to disrupt the multiple rotors maintaining
the arrhythmia. As shown in Figure 8 and Online Movies 5 and 6, successful and
unsuccessful terminations of AF relied on the amount of tissue depolarized by one or more
shocks in the delivered therapy. In a dramatic example of successful termination of AF, as
shown in Figure 8a and Online Movie 5, the first and fourth shocks (10 V/cm) in the series
recruited atrial tissue in opposing areas as can be seen at 750 and 800 ms. In this
preparation, a shock of <10 V/cm was not sufficient to defibrillate sustained AF. In the
example of unsuccessful termination of AF, as shown in Figure 8b and Online Movie 6,
from a different preparation, the shocks delivered at 2 V/cm were not strong enough to
engage a sufficient amount of atrial tissue and create enough secondary sources for
termination. Consequently, the arrhythmia continued to persist post shock.20 Subsequent
multiple shock therapy applications in this preparation terminated AF at 6 V/cm.

Therapy Safety
During the application of a total of 638 rounds of low voltage multiple shock therapy in 17
preparations, no episodes of ventricular flutter or fibrillation were induced. In addition, there
was no evidence of atrial electroporation as the majority of shocks were delivered below the
atrial electroporation threshold (9.2–13.6 V/cm).22
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Discussion
In the present study, a new method of low voltage multiple shock therapy was tested in a
rabbit model of atrial tachyarrhythmias. We found a significant reduction in the
defibrillation thresholds for both AFl and AF, as compared to single phase-independent
shocks and success rates of 100%, as opposed to 66.7% and 0% with ATP for AFl and AF,
respectively. Furthermore, four shocks delivered within one CL exhibited the lowest
defibrillation threshold for both arrhythmias.

The low success rate of ATP in our study, as compared to the 100% success rate of multiple
shock therapy, can be explained by the inability of local excitation to invade the excitable
gap of reentry when the pacing electrode is not located close to the core of reentry. On the
other hand, multiple shock therapy, based on the virtual electrode polarization (VEP)
hypothesis,23 uses far field electrical stimuli to produce excitation in larger areas of tissue to
destabilize and terminate reentrant tachyarrhythmias.18 VEP predicts that, in response to an
external electric field, opposite sides of functional and anatomical heterogeneities will
experience either hyperpolarization or depolarization.18, 24 The depolarized region of the
heterogeneity can then become a secondary source of excitation and collide with the existing
reentry resulting in termination.

All shocks delivered in this study were monophasic, chosen because of the results of our
previous investigation of ventricular tachycardia in a rabbit model of infarction.12 In that
study, it was reported that the use of monophasic shocks not only reinforced the VEP
response of the tissue, but also terminated ventricular tachycardia with significantly lower
energies than multiple biphasic shocks. More importantly, it was found that the second
phase of biphasic shocks reversed the VEP effect of the first phase, preventing maintenance
of the secondary source of excitation responsible for colliding with and terminating the
arrhythmia wavefront.

Arrhythmia Organization and Defibrillation
The spatiotemporal organization of AFl/AF is important to defibrillation studies. Several
different animal models of the arrhythmia, based on human states of the disease, have been
developed, reflecting differences in such characteristics as dominant frequency,
organization, and electrical/structural remodeling.17, 25–27 Additionally, Everett, et al
recently showed that higher defibrillation thresholds are directly related to arrhythmia
models with higher dominant AF frequencies.28

In our study, with more anatomically-defined AFl and more functionally-defined AF, we
reported increased defibrillation thresholds for AF as opposed to AFl. The mechanisms of
defibrillation, as revealed by our optical mapping studies, show that the defibrillation of
AFl/AF relies on the ability of the delivered therapy to infiltrate the excitable gap of reentry.
In the case of AFl, the long excitable gap associated with a single macroreentrant circuit was
easily penetrated by a properly timed shock originating from the region of highest
heterogeneity (Figure 7). AF, on the other hand, exhibits multiple smaller reentrant circuits
with higher dominant frequencies and, consequently, smaller excitable gaps. Multiple shock
therapy, in this case, required larger voltage shocks in order to excite a sufficient amount of
tissue to disrupt the multiple rotors maintaining that arrhythmia (Figure 8).

Patient Pain Perception
Studies investigating patient pain perception have revealed that internal shocks >0.1 J are
generally perceived as uncomfortable, although there is a wide variation in perception
perhaps due to varying autonomic tone, the presence of drugs, and location of the shock
electrodes.11, 29 Additionally, the majority of patients are unable to distinguish the
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difference between shocks delivered higher than this threshold.11 During clinical studies in
which several intracardiac shocks were delivered about 5 minutes apart, patients perceived
later shocks in the series to be more painful than the initial one regardless of the energy
delivered.30 Clinical testing will need to be performed to determine how a train of multiple
shocks delivered in quick succession will be perceived, as the overall energy delivered may
exceed that of a single shock.

Safety
In our study in the intact heart, we induced no episodes of ventricular tachyarrhythmias. As
AFl/AF ranged from 50–200 ms in our experimental rabbit arrhythmia model, we have the
ability to deliver low voltage multiple shock therapy safely and effectively within the
ventricular refractory period without causing additional arrhythmias.21 Human AFl/AF has
been reported to range from 120 to 200 ms,31, 32 while the ventricular refractory period is
≥200 ms.33 Moreover, the AFl defibrillation threshold with multiple shocks delivered within
two CLs was only 0.28±0.13 V/cm and thus about 1.5 times less than the ventricular
excitation threshold (0.43±0.13 V/cm). Consequently, additional in vivo experiments will
need to be performed to evaluate this therapy in humans as low strength atrial defibrillation
shocks have been shown to excite the ventricles34 and, depending on the arrhythmia, may
fall within the ventricular refractory period.

A recent study by Fenton, et al proposed and tested a therapy termed “far-field
antifibrillation pacing” in a coronary-perfused canine RA/RV preparation.35 Far field shocks
were applied at the CL of the arrhythmia and, although no episodes of ventricular
arrhythmias were reported, unlike in our study, shocks could coincide with the T wave to
induce ventricular arrhythmias in the whole heart.34 Additionally, in this study, defibrillation
thresholds were reported for a mixture of atrial tachyarrhythmias making comparison
between our studies difficult. As we have shown in this study, AFl and AF have distinct
spatiotemporal characteristics resulting in varying defibrillation strengths and mechanisms.

Conclusion
Our findings indicate that low voltage multiple shock therapy has the potential to serve as a
useful treatment for atrial tachyarrhythmias such as AFl and AF. In this study, we have
shown that multiple shocks delivered over 1 or 2 CLs significantly reduced the defibrillation
threshold of AFl and AF, although multiple shocks delivered over 2 CLs resulted in an
increased conversion of AFl to AF. We achieved defibrillation success in all preparations
and induced no ventricular arrhythmias. Based on this study, we conclude that low voltage
multiple shock therapy terminates AFl with higher efficacy than AF due to the unique
spatiotemporal characteristics of the arrhythmias.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AF atrial fibrillation

AFl atrial flutter
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ATP antitachycardia pacing

CL cycle length

LAA left atrial appendage

RAA right atrial appendage

RA right atrium

ACh acetylcholine chloride

ERP effective refractory period

VEP virtual electrode polarization

OAP optical action potential
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Figure 1. Experimental Setup
(a) Photograph of a typical preparation with shock meshes labeled, located 10 cm apart. The
black circles represent the locations of pacing/sensing electrodes. (b,c) Typical activation
map and optical action potentials (OAPs) during pacing of the RAA (300 ms). (The deep
blue areas in the center represent pixels that have been excluded from analysis due to noise
from sutures and connective tissue.) (d) Average ERP before and after ACh. (e)
Representative OAPs from the RAA before and after the addition of 5 μM ACh reflecting a
57% decrease in the action potential duration.
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Figure 2. Typical Atrial Flutter and Fibrillation
(a,b) Typical activation maps, representative of one arrhythmia cycle, and OAPs (as
indicated by the black squares) of AFl and AF, respectively. Dashed black lines with arrows
show the location and direction of the reentrant circuits. (c,d) Frequency distribution for
typical examples of AFl and AF, respectively.
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Figure 3. Application of ATP to AFl
(a) Representative electrograms of termination, failed termination, and conversion to AF
upon application of ATP (8 pulses, 50–100% of arrhythmia CL) to AFl from the RAA and
lower RA. (b) Distribution of outcome during application of ATP to AFl. (c) Percentage of
therapy success as a function of CL.
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Figure 4. Far Field Excitation
(a,b) Activation maps resulting from opposite polarity shocks at a field strength of ±0.05 V/
cm. The dotted black line demarcates the AV groove. (c) Average shock field strength of
both polarities (0.097±0.06 V/cm). (d) Activation of the ventricles at a physiological AV
delay (76 ms) due to far field excitation of the atria with a shock field strength of 0.05 V/cm.
(e) Simultaneous activation of the atria and ventricles with a higher voltage shock (5 V/cm).
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Figure 5. Defibrillation Thresholds
(a) Defibrillation thresholds for single shocks, multiple shocks delivered within 1 CL, and
multiple shocks delivered within 2 CL. (b,c) Defibrillation thresholds for single shocks and
multiple shocks (3–5) delivered within 1 arrhythmia CL for AFl and AF, respectively.
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Figure 6.
Defibrillation Threshold as a Function of Arrhythmia CL.

Ambrosi et al. Page 16

Heart Rhythm. Author manuscript; available in PMC 2012 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Application of Multiple Shocks to AFl
(a) In this example of successful arrhythmia termination, four 10 ms shocks (0.3 V/cm) were
applied during one CL of AFl (70 ms). OAPs are shown from the RAA and LAA before and
after termination. (b) Activation maps reconstructed from the dV/dtmax of the OAPs denoted
by 1–3 in panel (a). (c) In this example of unsuccessful arrhythmia termination, five 10 ms
shocks (0.25 V/cm) were applied during one CL of the same arrhythmia. (d) Activation
maps reconstructed from the OAPs denoted 1–3 in panel (c). The asterisks in panels (b,d)
represent the shocks indicated in panels (a,c).
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Figure 8. Application of Multiple Shocks to AF
(a) In this example of successful arrhythmia termination, four 10 ms shocks (10 V/cm) were
applied during one CL of AF (55 ms). OAPs are shown from the RAA and LAA before and
after termination by the shocks shown. Arrhythmia wavefronts, reconstructed from the dV/
dtmax, before, during, and after shock application. (b) In this example of unsuccessful
termination, three 10 ms shocks (2 V/cm) were applied during one CL (50 ms). Arrhythmia
wavefronts before, during, and after shock application. Arrhythmia wavefront frames
indicated by red lettering indicate those reconstructed during shock application.
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